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PEDIATRIC CARDIOLOGY
Induction of Ventricular Tachycardia During Electrophysiologic Study
After Repair of Tetralogy of Fallot
ARTHUR GARSON, Jr., MD, FACC, CO-BURN J. PORTER, MD, PAUL C. GILLETTE, MD, FACC,
DAN G. McNAMARA, MD, FACC
Houston, Texas
An association among premature ventricular complexes
on routine electrocardiogram, elevated right ventricular
systolic pressure and sudden death after repair of te-
tralogy of Fallot was previously reported. Til examine
this relation further, noninvasive, hemodynamic and in-
vasive electrophysiologic data were studied in 27 patients
who had undergone repair oftetralogy of Fallot 7 months
to 21 years (mean 1.75 years) previously. Syncope, which
had occurred in four patients, was not significantly re-
lated to ventricular arrhythmia on rest electrocardio-
gram, 24 hour electrocardiogram or treadmill test. All
four patients with syncope had either nonsustained (two
patients) or sustained (two patients) ventricular tachy-
cardia induced at electrophysiologic study. His bundle
to ventricle conduction interval was prolonged in two
patients and Q to right ventricular apex interval was
prolonged in three of the four patients. All four had
abnormal anatomic or hemodynamic findings: two had
a right ventricular systolic pressure of 70 mm Hg or
more, one had right ventricular dysfunction with tri-
The association between postoperative ventricular arrhyth-
mias and sudden death in patients who have undergone
repair of tetralogy of Fallot has become established (1-7).
In our study of 207 patients, 21 (10.3%) had premature
ventricular complexes on routine postoperative electrocar-
diogram and 8 (38%) of those with premature ventricular
complexes died suddenly 3 months to 10 years after the
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cuspid insufficiency and one a septal aneurysm. The 9
patients with induced nonsustained or sustained ven-
tricular tachycardia were then compared with the 15
patients without induced ventricular arrhythmias. Those
with ventricular tachycardia had a greater prevalence
of: more complex ventricular arrhythmia on 24 hour
electrocardiogram (63 versus 0%, p < 0.001), long His
bundle to ventricle interval (44 versus 0%, p < 0.001),
right ventricular systolic pressure of 70 mm Hg or more
(56 versus 0%, p < 0.01) and reduced right ventricular
ejection fraction (33 versus 7%, p < 0.025).
It is concluded that: 1) induction of nonsustained or
sustained ventricular tachycardia was associated with a
history of syncope; 2) all patients at risk for syncope
could not be identified by routine electrocardiogram 24
hour electrocardiogram or treadmill test; 3) hemody-
namic alterations may interact with intraventricular
conduction abnormalities and predispose to ventricular
tachycardia.
operation. All eight of those patients who died suddenly
had the combination of premature ventricular complexes and
a postoperative right ventricular systolic pressure of 70 mm
Hg or more.
On the basis of this retrospective study, we postulated a
relation among ventricular arrhythmias, abnormal hemo-
dynamics and sudden death. In this study we examined this
relation prospectively and assessed the possible role of elec-
trophysiologic study in identifying the patient who has
undergone intracardiac repair of tetralogy of Fallot who is
also at risk for sudden death.
Methods
Patient Population
In 1979, we began the prospective evaluation of patients
who had undergone intracardiac repair of tetralogy of Fallot.
Each patient had the same noninvasive and invasive testing
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performed, These patients formed part of the study group,
The rest of the group consisted of patients who were referred
specifically for electrophysiologic study in order to evaluate
syncopal episodes or a known arrhythmia. Informed consent
was obtained from all parents and from each patient over
the age of 7 years.
Noninvasive Evaluation
Patients were questioned specifically about episodes of
syncope or presyncope. A routine check roentgenogram and
an electrocardiogram lasting approxitnately 30 seconds and
a 24 hour ambulatory electrocardiogram were performed in
each patient. Those who could cooperate (generally those
over 4 years old) underwent a treadmill exercise test with
a modified Bruce protocol (2,8). In this protocol, the patient
is encouraged to run to exhaustion,
Invasive Evaluation
Electrophysiologic study. Cardiac catheterization was
performed in the postabsorptive and sedated state. All pa-
tients were premedicated with meperidine, 2 mg/kg, and
promethazine, I mg/kg, and sedated throughout the study
with these same drugs. Electrophysiologic study was always
done before hemodynamic and angiographic studies. Three
catheters were routinely placed in the heart: the first in the
high right atrium, the second across the tricuspid valve
recording the low septal right atrium, His bundle and ven-
tricular septal electrograms and the third in the right ven-
tricular apex. In most of the patients, a fourth catheter for
recording was placed in the right ventricular outflow tract
(Fig, 1). These methods have been described in detail else-
where (9).
Sinus node function was assessed by the corrected sinus
node recovery time (10). A corrected sinus node recovery
time greater than 275 ms was considered abnormal (10).
Atrioventricular (AV) conduction was assessed by the AH
interval (abnormal if> 120 ms), the HV interval (abnormal
if> 55 ms) and the atrial paced rate at which second degree
AV block occurred. It is abnormal for AV block to occur
in a child at an atrial paced rate less than 180/min (11). To
assess right bundle activation time, the interval was mea-
sured from the onset of ventricular activation (taken on one
of the surface electrocardiographic leads) to the right ven-
tricular apex electrogram (Q-RV apex interval). If the pa-
tient had complete right bundle branch block and if the Q-
RV apex time was 30 ms or less, this was considered evi-
dence for peripheral right bundle branch block; if this in-
terval was longer than 30 ms, central right bundle branch
block was considered present. The effective refractory pe-
riod of the right ventricular apex was determined during
introduction of single premature ventricular depolarizations
into paced ventricular rhythm at a cycle length of 500 ms.
The normal values for ventricular effective refractory period
RVO
HBE
'RVA
A
B
Figure 1. Anteroposterior (A) and lateral (B) cmeradiographs of
catheter positions for mtracardiac electrophysiologic study. The
left ventricular (LV) catheter was placed by the transsepjal tech-
nique, HBE = Hisbundleelectrogram; HRA = high right atrium;
RVA = rightventricular apex; RVO = right ventricular outflow
tract.
were dependent on cycle length. The normal values used
were reported by Mehta et al. (13).
Attempts were made to induce ventricular arrhythmias
with the introduction of single and double premature ven-
tricular extrastimuli into sinus rhythm and after eight beats
of ventricular paced rhythm at a cycle length of 500 ms.
Finally, burst pacing of the ventricles was performed for
eight beats beginning with a cycle length of 300 ms and
decreasing the cycle in 20 ms decrements until 2: 1 block
occurred between the stimulus and ventricular capture, All
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ventricular extrastimuli were delivered to the right ventric-
ular apex. If nonsustained or sustained ventricular tachy-
cardia was induced, no further attempts were made to induce
arrhythmias.
A nonstimulated ventricular beat was defined as one that
occurred immediately after the last stimulated ventricular
complex without an intervening supraventricular beat. The
four patterns of nonstimulated ventricular beats were defined
as follows: I) Bundle branch reentry in which the QRS con-
figuration and ventricular activation sequence are similar to
the paced QRS configuration and activation sequence with
a His bundle electrogram preceding the nonstimulated ven-
tricular beat with a normal or long HV interval (Fig. 2). 2)
Nonbundle branch reentry in which the QRS configuration
and ventricular activation sequence are different from the
paced QRS configuration and there is either no preceding
His bundle electrogram or a His bundle electrogram that
precedes ventricular depolarization with an HV interval shorter
than that found in sinus rhythm (Fig. 3). 3) Nonsustained
ventricular tachycardia in which there are three or more
consecutive nonstimulated ventricular beats lasting up to 10
seconds (Fig. 4).4 )Sustainedventricular tachycardia inwhich
there are consecutive nonstirnulated ventricular beats lasting
more than 10 seconds (Fig. 5) (14). The earliest endocardial
activation was recorded for each induced arrhythmia (14).
Pace mapping was not performed.
Hemodynamic cardiac catheterization. Catheterization
of the right-sided cardiac structures was performed in all
patients. The right ventricular ejection fraction was calcu-
lated according to Simpson' s rule (15). This was considered
to be abnormally low if it was less than 45% (16).
Statistical analysis. Contingency tables were evaluated
by Fisher' s exact test or chi-square analysis. Numerical data
from two groups were compared using Student's t test for
unpaired data. Statistical significance was inferred if the
probability (p) of the association occurring by chance was
less than 0.05.
Results
Patient characteristics. The study group consisted of
27 patients ranging in age from 2 to 27 years (mean 8.9) at
the time of electrophysiologic study. This was a median of
I. 75 years after operation (range 7 months to 21 years).
These 27 patients represented 55% of the 49 patients who
underwent cardiac catheterization between 1979 and 1981
Figure 3. Nonbundle branch reentry. From the top of the fi gure,
there are three surface electrocardiograms (leads I , aVF and VI)
and six intracardiac leads from the high right atrium. His bundle
(two levels), right ventricular outflow tract recorded from thedistal
pair of electrodes (RVOD), the right ventricular outflow tract re-
corded from the proximal pairof electrodes (RVOP) and the right
ventricular apex. Following the two stimulated beats ($2 and S3),
there IS an unstimulated beat with a different morphology from
that of the stimulated beats. This is not preceded by a His bundle
electrogram, but there is an atrial electrogram preceding the un-
stimulated beat. This represents retrograde atrial activation from
the previous stimulated beat. Abbreviations as in Figure 2.
aVF
II V,
III HRA
IHRA
HBE
DCS
HBE
PCS
RVO (0)
HBE
RVO(P)
HBE
RVA RVA
Figure 2, Bundle branch reentry. From the top of the figure , there
are three surface electrocardiograms (leads I, II and III) and six
intracardiacelecfrograrns from the high right atrium (HRA), distal
coronary sinus(DCS), proximal coronary sinus(PCS), His bundle
(HBE)and right ventricular apex(RVA) . Followingtwo stimulated
ventricular responses (S2 and S3 refer to the stimulus artifact),
there is an unstimulated ventricular response whose morphologic
features and ventricular activation sequence are identical to those
of the stimulated response. A His bundle depolarization (H)occurs
between the last stimulated ventricular beat and the unstimulated
beat.
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after repair of tetralogy of Fallot. Of the 27 patients, 13
underwent electrophysiologic study as part of a routine post-
operative tetralogy of Fallot protocol; in 14 patients, the
indication for the study was either the occurrence of syncope
or the detection of ventricular arrhythmias on routine follow-
up.
Symptoms. In the study group of 27 patients, 4 (15%)
presented with a history of syncope. In one of these patients,
syncope had occurred once and in the other three, it had
occurred two or three times. The first syncopal episode
occurred between II months and 11.5 years postoperatively.
Syncope was related to activity in two patients and occurred
at rest in two patients. None of the 27 patients reported
exercise intolerance.
Electrocardiographic Data
Ventricular arrhythmias. On routine electrocardio-
gram, 5 (19%) of the 27 patients had premature ventricular
complexes. In three, these were uniform and in two mul-
tiform. The premature ventricular complexes appeared be-
tween 12 months and 10.5 years postoperatively (median
4.9 years). Of the 16 patients who underwent a treadmill
exercise test, ventricular arrhythmias were found in 9 (56%):
single uniform premature ventricular complexes in 6, single
multiform premature ventricular complexes in 2 and couplets
in 1. On 24 hour ambulatory electrocardiogram, 17 patients
(63%) had ventricular arrhythmias: 9, single uniform pre-
mature ventricular complexes; 4, single multiform prema-
ture ventricular complexes; 2 couplets; and 2, ventricular
tachycardia.
All the patients who had ventricular arrhythmias on rou-
tine electrocardiogram or treadmill test had ventricular ar-
rhythmias on 24 hour electrocardiogram. The three patients
with uniform premature ventricular complexes on routine
electrocardiogram had only uniform premature complexes
on 24 hour electrocardiogram; the two with multiform com-
plexes on routine electrocardiogram had either frequent mul-
tiform premature ventricular complexes (over IO/hour) or
couplets on 24 hour electrocardiogram. However, there were
two patients who had ventricular tachycardia on 24 hour
electrocardiogram and who had no ventricular arrhythmia
on either routine electrocardiogram or treadmill exercise
test. Thus, the absence of ventricular arrhythmia on routine
electrocardiogram or treadmill exercise test did not imply
the absence of a significant ventricular arrhythmia on 24
hour electrocardiogram.
Conduction disturbance. Complete right bundle branch
block was found in 24 (89%) of the 27 patients; 2 of these
patients had additional left anterior hemiblock. In three pa-
tients, the postoperative electrocardiogram revealed only
right ventricular hypertrophy without conduction delay.
Electrophysiologic Data
Sinus node and AV node function. The abnormalities
in sinus node function and AV specialized conduction sys-
tem function are listed in Table I. The effective refractory
Figure 4. Nonsustained ventricular tachycardia. From the left of
the figure, there are the last two ventncular paced beats of a train
of eight beats. These are labeled Sj. The stimulus artifacts for the
two ventricular premature beats are labeled S2 and S3. Following
the stimulated ventricular response to the S3, there are four beats
of ventricular tachycardia. FAP = femoral artery pressure. Other
abbreviations as in Figure 2.
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Figure 5. Sustained ventricular tachycardia. From the left of the
figure, after two sinus beats, there arc eight beats of burst ven-
tricular pacing. After the laststimulated beat, sustained ventricular
tachycardia is observed. From the disorganization observed In the
His bundle tracing after thethird stimulus, it is possible the tachy-
cardia began at this time. Abbreviations as before .
period of the right ventricular apex was not prolonged in
any patient but was abnormally short in 22%. These ab-
normalities tended not to appear in the same patient; at [east
one of these measurements was abnormal-in 19 (70%) of
the 27 patients.
Induced ventricular arrhythmias. In response to ven-
tricular extrastimulus testing, 14 (52%) had one or more
nonbundle branch reentrant beats induced. The most sig-
nifi cant arrhythmia induced in each patient was as follows:
four patients had one nonbundle branch reentrant beat, one
had two beats, seven had nonsustained ventricular tachy-
cardia and two had sustained ventricular tachycardia. The
earliest site of endocardial activation for the 14patients was:
distal right ventricular outflow tract in four and the right
ventricular septum (recorded on the same tracing as the His
bundle electrogram) in eight (Fig. 6). The nonbundle branch
reentrant beats were stimulated by paired premature ven-
tricular extrastimuli into paced ventricular rhythm in nine
patients and by burst pacing in five. Sustained ventricular
tachycardia was induced in two patients by burst pacing.
A single bundle branch reentrant beat was found in 7
(26%) of the 27 patients. At least one nonbundle branch
reentrant beat was found in 43% of those with a bundle
branch reentrant beat and in 50% of those without a bundle
branch reentrant beat. Thus the association between bundle
branch reentry and nonbundle branch reentry w.,s not sta-
tistically significant.
Hemodynamic Data
The postoperative right ventricular systolic pressure ranged
from 25 to 105 mm Hg (median 55). In 7 (26%) of the 27
patients, the right ventricular systolic pressure was 70 mm
Hg or greater. The right ventricular end-diastolic pressure
ranged from 5 to 23 mm Hg (median 9). In 14 patients
(52%), the right ventricular end-diastolic pressure was 8 mm
Hg or greater. All patients had the murmur of pulmonary
insufficiency. Pulmonary artery angiography was not per-
formed routinely and thus pulmonary valve insufficiency
was not graded. No patient had a residual ventricular septal
defect with a pulmonary to systemicratio of 1.5: I or greater.
The right ventricular ejection fraction was reduced below
45% in 4 (15%) of the patients.
Interaction Among Variables
Indication for study. The 13 patients who had electro-
physiologic study as part of a routine postoperative follow-
up were a representative sample of the general group of
patients after operation for tetralogy. None had symptoms.
On routine electrocardiogram, one patient (8%) had single
uniform premature ventricular complexes, on treadmill test,
two (33%) had single uniform premature ventricular com-
plexes and on 24 hour electrocardiogram, four (31%) had
ventricular arrhythmias, two with uniform premature ven-
tricular complexes, one with multiform premature ventric-
ular complexes and one with ventricular tachycardia. At
electrophysiologic study, bundle branch reentry was found
in four patients (31%) and nonbundle branch reentry was
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Table 1. Abnormalities of Sinus Node Function,
Atrioventricular Conduction and Ventricular Muscle
Refractoriness in 27 Patients
Abnormal
Electrophysiologic Variable no. %
CSNRT > 275 ms II 41
LSRA-H > 120 ms 4 15
Paced rate at 2° AVB < 180/min II 41
HB > 55 ms 6 22
V-RVA > 30 ms (central RBBB) 13 48
CSNRT = corrected sinus node recovery time; ERP-RVA = effecnve
refractory period of right ventricular apex; HV = His bundle to ventricle
interval: LSRA-H = low septal right atrium to His interval; RBBB =
right bundle branch block; 2° AVB = second degree atrioventncular block;
V-RVA = interval from onset of ventricular depolarization to right ven-
tricular apex electrogram.
also found in four patients. In three of the four patients with
nonbundle branch reentry, nonsustained ventricular tachy-
cardia was induced. Overall, 23% of those who underwent
electrophysiologic study as part of a routine postoperative
follow-uphad induced nonsustainedventriculartachycardia.
The hemodynamic findings in these 13 patients revealed
that 26% had a right ventricular systolic pressure of at least
70 mm Hg, 62% had a right ventricular end-diastolic pres-
sure of at least 8 mm Hg and 15% had a decreased right
ventricular ejection fraction.
In comparing the 13 "routine" follow-up patients with
the 14 "nonroutine" patients who underwent electrophys-
iologic study for symptoms or arrhythmia, we found no
significant differences at cardiac catheterization in the pro-
portion of those with abnormality of the conduction system
or abnormal hemodynamic data. However, twice as many
nonroutine patients had induced ventricular arrhythmias as
the routine patients (9 of 14 versus 4 of 13). Sustained
ventricular tachycardia only occurred in the nonroutine group
(2 of 14).
Symptoms. Four patients had symptoms of syncope; all
other patients were asymptomatic . On routine electrocar-
diogram, one of the four had single uniform premature ven-
tricular complexes the other three had none. On treadmill
test, two had single uniform premature ventricular com-
plexes; the other two had none. On 24 hour electrocardiog-
raphy, two had couplets, one had ventricular tachycardia
but one had an entirely normal 24 hour electrocardiogram
(as well as a normal routineelectrocardiogramand treadmill
test). No patient had left anterior hemiblock.
The following electrophysiologic findings were abnormal
in the four patients: paced rate at second degree AV block
Figure 6. Endocardial mapping during sustained ventricular
tachycardia. The earliest site activated is at the right ventricular
septum (ventricular electrogram on the HBE tracing) . LSRA =
low septa l right atrium; LV A = left ventricular apex . Other ab-
breviations as before .
VI
RVO
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in one, prolonged HV interval in two and prolonged V-RV
apex interval in three patients. Corrected sinus node recov-
ery time was normal in all four patients. In two of the four
patients, nonsustained ventricular tachycardia was induced
and in two, sustained ventricular tachycardia. The latter
patients with syncope were the only 2 of the 27 patients in
whom sustained ventricular tachycardia was induced.
Therefore, in all four patients with syncope, a consistent
finding was the induction of ventricular tachycardia during
electrophysiologic study. There was no other consistent
electrophysiologic abnormality.
In all four of those with symptoms, there was also a
definite abnormality detemined during hemodynamic/angio-
graphic study at cardiac catheterization. In two of the four,
the right ventricular systolic pressure was greater than 70
mm Hg and the right ventricular end-diastolic pressure was
greater than 10 mm Hg; in one, the right ventricular ejection
fraction was abnormal and right ventricular end-diastolic
pressure was 18 mm Hg; in one there was a ventricular
septal aneurysm which appeared to be the site of the ven-
tricular tachycardia.
Induced ventricular arrhythmias at electrophysio-
logic study. Because all four patients with syncope had
ventricular tachycardia induced at electrophysiologic study,
we compared those 9 patients with induced ventricular
tachycardia with the 14 who had no nonbundle branch reen-
trant beats induced. The four patients with induced single
or paired nonbundle branch reentrant beats were eliminated
from this comparison as this would have introduced a third
"intermediate" group between ventricular tachycardia and
normal. The significant differences are listed in Table 2.
The routine electrocardiogram was helpful only if it was
positive. Both patients with premature ventricular com-
plexes on routine electrocardiogram (one with uniform and
one with multiform premature ventricular complexes) had
ventricular tachycardia induced; the other three patients with
premature ventricular complexes on routine electrocardio-
gram had one or two nonbundle branch reentrant beats in-
duced. Of the 21 patients without premature ventricular
complexes on routine electrocardiogram, 7 had ventricular
tachycardia induced and 14 did not. The treadmill exercise
test was less specific; three of seven patients with induced
ventricular tachycardia had premature ventricular complexes
on the treadmill test, as did two of five without induced
ventricular arrhythmias.
The 24 hour electrocardiogram was most helpful. All
patients without induced ventricular arrhythmias had either
infrequent or no uniform premature ventricular complexes
on 24 hour electrocardiography. On the other hand, six of
nine with induced ventricular tachycardia had more than
infrequent uniform premature ventricular complexes; two
had frequent uniform premature ventricular complexes, two
had couplets and two had ventricular tachycardia. There-
fore, all four patients with couplets or ventricular tachy-
cardia on 24 hour electrocardiogram had ventricular tachy-
cardia induced at electrophysiologic study.
The hemodynamic data revealed that more than half of
those with induced ventricular tachycardia had a right ven-
tricular systolic pressure of 70 mm Hg or more, whereas
no patient without induced ventricular arrhythmias had an
elevated right ventricular systolic pressure. Furthermore,
71% of those with a right ventricular systolic pressure of
70 mm Hg or more had induced ventricular tachycardia
compared with 20% of those with a lower pressure (p <
0.025). In addition, 100% of those with an elevated right
ventricular systolic pressure had at least one nonbundle branch
reentrant beat induced.
Despite the statistical relations (Table 2) which imply that
an elevated right ventricular systolic pressure leads to ar-
rhythmias, it is important to note that 44% of those with
induced ventricular tachycardia did not have an elevated
right ventricular systolic pressure. On the other hand, 75%
of patients with a decreased right ventricular ejection frac-
tion had induced ventricular tachycardia. If the two factors
are taken together, seven of the nine patients with induced
ventricular tachycardia had either an elevated right ventric-
ular systolic pressure or a decreased right ventricular ejec-
tion fraction, or both. Only I of the 14 patients without
induced ventricular arrhythmias had either elevated right
ventricular systolic pressure or a decreased right ventricular
ejection fraction. One additional patient with a ventricular
septal aneurysm had induced ventricular tachycardia. There-
fore, only one (11%) of nine patients with induced ventric-
ular tachycardia had an entirely normal right ventricle.
Table 2. Induced Ventricular Tachycardia Versus No Induced Arrhythmia
Induced VT(%)
(n = 9)
No Induced Arrhythmia(%)
(n = 14) p
Syncope
24 hour ECG: frequent UPVC, MPVC, couplets or VT
RVSP 2: 70 mm Hg
RVEF < 45%
HV > 55 ms
44
67
56
45
44
o
o
o
7
o
< 0.01
< 0001
< 0.01
< 0025
< 0.01
ECG = electrocardiogram; HV = His to ventricle Interval. MPVC = multiform PVC: p = probability: PVC = premature ventncular complex:
RVEF = right ventricular ejection fraction. RVSP = right ventncular systolic pressure. UPVC = uniform PVC, VT = ventncular lachycardia
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An abnormal right ventricle was also the only consist-
ently abnormal finding in the two patients with sustained
ventricular tachycardia. Both had a low right ventricular
systolic pressure; one had an elevated right ventricular end-
diastolic pressure with a low ejection fraction; one had a
ventricular septal aneurysm.
Intraventricular conduction. Prolongation of the HV
interval was statistically related both to induced ventricular
arrhythmias and to hemodynamic abnormalities. At least
one nonbundle branch reentrant beat was induced in 5 (83%)
of the 6 patients with a prolonged HV interval compared
with only 8 (38%) of the 21 with a normal HV interval (p
< 0.05). While prolongation of the HV interval was not
statistically related to either the right ventricular systolic
pressure or right ventricular end-diastolic pressure, a pro-
longed HV interval was related to a decreased right ven-
tricular ejection fraction: 50% (two offour) of those patients
with a prolonged HV interval had a decreased right ven-
tricular ejection fraction compared with 5% of those with a
normal HV interval (p < 0.01). Because three of four of
those with a decreased right ventricular ejection fraction
also had a prolonged HV interval and because both variables
were related to ventricular arrhythmias, it was not possible
with these small numbers to determine which factor of the
two was the more important or if the combination of a
prolonged HV interval and a decreased right ventricular
ejection fraction contributes to the development of ventric-
ular arrhythmias.
Discussion
Induction of ventricular arrhythmias after repair of
tetralogy of Fallot: a new risk factor? In this study, we
demonstrated that 33% of patients had induced ventricular
tachycardia. This might be expected because half of the
group was referred for syncope or arrhythmias. However,
if we examine only those 13 patients who underwent elec-
trophysiologic study as part of a routine follow-up, 23%
still had nonsustained ventricular tachycardia. The induci-
bility of ventricular tachycardia in patients after repair of
tetralogy of Fallot has been recently reported from other
centers (5,7).
The question is, what does this mean? In adults, the
induction of sustained ventricular tachycardia in the elec-
trophysiology laboratory is associated with a prior history
of clinical ventricular tachycardia in the majority of patients.
In more than 500 ventricular extrastimulus studies, Joseph-
son et al. (17) induced sustained ventricular tachycardia in
only 0.7% of their patients who had not had the arrhythmia
clinically. The implications of induced nonsustained ven-
tricular tachycardia in adults are less clear (18). In the pres-
ent study of children, four patients had a prior history of
syncope. In each one, the only consistent electrophysiologic
abnormality was the induction of either nonsustained or
sustained ventricular tachycardia. We hypothesize that in
these patients, the cause of the syncope was ventricular
tachycardia. We also hypothesize that all children with in-
duced sustained or nonsustained ventricular tachycardia may
be at risk for syncope and perhaps sudden death.
The implications of single repetitive beats in children are
unknown. In adults, bundle branch reentrant beats are nor-
mal (19), whereas nonbundle branch reentrant beats have
been statistically associated with an increased risk of sudden
death (20). In children, we performed an identical ventric-
ular extrastimulus protocol as the one used in the study on
53 patients under the age of 18 years with supraventricular
tachycardia and an otherwise normal heart (21). In those
children with normal ventricles, not one had a single non-
bundle branch reentrant beat induced. Therefore, the finding
in the present study that 31% of the patients had one or
more nonbundle branch reentrant beats implies that these
postoperative patients are abnormal. Also, single nonbundle
branch reentrant beats may be indicators of a ventricle prone
to clinical arrhythmias.
Pathophysiology of ventricular arrhythmias after re-
pair of tetralogy of Fallot. It is clear that no single ab-
normality causes ventricular arrhythmias in these patients.
In our long-term follow-up study of 207 patients after intra-
cardiac repair of tetralogy of Fallot, we found that 10% had
premature ventricular complexes on routine electrocardio-
gram and all had an elevated right ventricular systolic or
end-diastolic pressure. These findings were confirmed by
Fuster et al. (3). In the report by Deanefield et al. (6), there
was no relation between premature ventricular complexes
and increased right ventricular systolic pressure, but ven-
tricular arrhythmias were related to decreased right ventric-
ular ejection fraction by nuclear angiography. In the present
study, both premature ventricular complexes and induced
ventricular arrhythmias were statistically related to increased
right ventricular systolic pressure and decreased right ven-
tricular ejection fraction, but not all patients had the same
type of hemodynamic abnormality.
Pulmonary valve insufficiency was an additional abnor-
mality present in our patients both with and without ar-
rhythmias. Because there was no other cause established in
those patients with an extremely dilated, poorly contracting
right ventricle, it is possible that pulmonary insufficiency
contributed to the problem. More than 10 years ago, Kirklin
and Karp (22) predicted that the long-term fate of patients
with pulmonary insufficiency might not be benign. It may
be that we are beginning to see that with longer follow-up,
pulmonary insufficiency may lead to ventricular arrhythmias.
The role ()f the ventriculotomy is uncertain. Ventricular
tachycardia using the ventriculotomy scar as a macroreen-
trant circuit was convincingly demonstrated by Horowitz et
al. (23), who reported the cessation of ventricular tachy-
cardia when a transverse incision was made across the prior
ventriculotomy scar at reoperation. This mechanism is prob-
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ably less common than originally thought. There are suf-
ficient areas of fibrosis at the sites of infundibular resection
or placement of the ventricular septal defect patch, as well
as generalized fibrosis throughout the right ventricle to ac-
count for microreentry occurring in these areas (24). Our
data and those of Kugler et a1. (7), in which the earliest site
of ventricular activation was mapped to numerous areas in
the right ventricle (rather than just the outflow tract), support
the idea that almost any area can be arrhythmogenic. Finally,
it may be that conduction delay contributes to the devel-
opment of ventricular arrhythmias. The finding of both a
prolonged HV interval and inducible ventricular tachycardia
in most patients with a reduced right ventricular ejection
fraction implies that a poorly functioning ventricle may cause
both problems; alternatively, a poorly functioning ventricle
may produce conduction delay and ventricular arrhythmias
may result. In adults with a poorly functioning left ventricle,
prolongation of the HV interval is also associated with in-
ducible ventricular tachycardia at electrophysiologic study
(25).
The combination of fibrosis, hypertrophy, stretch and
perhaps inadequate coronary flow for the demands (26) may
cause the arrhythmias. Because the arrhythmias can be in-
duced during electrophysiologic study, we infer that they
are due to either reentry or a triggered mechanism, or both
(9). Why certain patients with similar measured variables
have ventricular tachycardia and others do not, and why
certain postoperative patients tolerate ventricular tachy-
cardia with few symptoms and others die suddenly are the
subjects of continuing investigation in our experimental lab-
oratory (27). As virtually all patients who have been reported
to die suddenly had an elevated right ventricular systolic
pressure (1-4), it may be that those without right ventricular
outflow tract obstruction tolerate ventricular tachycardia,
while those with residual obstruction who develop ventric-
ular tachycardia rapidly undergo hemodynamic and electro-
physiologic deterioration; this may be manifest as sudden
death.
Recommendations
1) Because elevated right ventricular systolic pressure
and reduced right ventricular contractility are independent
risk factors, we recommend routine postoperative hemo-
dynamic cardiac catheterization for all patients with tetral-
ogy of Fallot or similar lesions (pulmonary atresia with
ventricular septal defect, truncus arteriosus).
2) Although the absence of ventricular arrhythmias on
24 hour electrocardiogram was not helpful in identifying
patients with inducible ventricular tachycardia in this study,
the presence of more than infrequent (I to 9/hour) uniform
premature ventricular complexes was related to induced ven-
tricular arrhythmias. We therefore recommend a routine
postoperative 24 hour electrocardiogram on all patients. Be-
cause ventricular arrhythmias may not be present early post-
operatively and may develop late postoperatively (1), We
recommend that periodic 24 hour electrocardiograms be per-
formed on patients well into adulthood.
3) On the basis of these findings, we would treat with
antiarrhythmic medication any patient with: a) syncope,
and more than 10 uniform premature ventricular complexes
per hour, or any multiform premature ventricular com-
plexes, couplets or ventricular tachycardia. In the patient
with syncope who has no ventricular arrhythmias on the 24
hour electrocardiogram, we strongly recommend electro-
physiologic study with attempted induction of ventricular
tachycardia. As part of this electrophysiologic study, the
AV conduction system should be stressed, because there
are certainly patients who do experience late complete AV
block (28). If the 24 hour electrocardiogram and the elec-
trophysiologic study are entirely normal, a cardiac cause for
the syncope is unlikely; b) we would also treat any patient
with an elevated right ventricular systolic pressure or re-
duced right ventricular contractility who also has more than
infrequent uniform premature ventricular complexes on 24
hour electrocardiogram; c) finally, we would treat any pa-
tient with couplets or ventricular tachycardia on the 24 hour
electrocardiogram without regard to a history of symptoms
or hemodynamic findings because in the present study, all
such patients had induced ventricular tachycardia. Our cur-
rent drug of choice is phenytoin, which has been shown to
be effective in treating such arrhythmias (29,30).
4) The role of electrophysiologic study is still uncertain.
In the patient with syncope, it is absolutely indicated. In
the asymptomatic patient, the value of such study remains
to be determined. At the present time, if ventricular tachy-
cardia is induced during electrophysiologic study, we would
treat that patient. If ventricular tachycardia is not induced,
we would treat the patient according to the guidelines just
listed. In an equivocal case (for example, induction of one
or two nonbundle branch reentrant beats), we prefer treat-
ment with a safe, relatively nontoxic drug, such as phe-
nytoin, to the possible alternative of sudden death. If the
hemodynamic values are normal, we are less likely to treat,
because we believe that sudden death in such a patient would
be uncommon.
Further studies will be required to determine whether I)
the induction of any type of ventricular arrhythmia has a
poor prognosis, 2) the lack of induction has a good prog-
nosis, and 3) routine electrophysiologic study should be
recommended.
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